With the aim of better understanding geochemistry of coal, 416 borehole samples of coal, one parting, two floor and two roof mudstones were collected from 9 minable coal seams in 24 boreholes drilled during exploration in the Huainan Coalfield, Anhui, China, and 47 elements were determined by various analytical techniques. The depositional environment, abundance, distribution, and affinity of elements were investigated. Results shown that the boron concentration in the coals indicates a brackish water depositional environment in this study region and marine influence decreased from coal seam 1 to 13-1. Some potentially toxic elements (e.g., Se, Cd) are higher than their averages for Chinese coals. The roof, floor and parting samples have higher contents of some elements than do the coal seams. The minerals in the coals from the Huainan Coalfield were found to consist mainly of clays, carbonates and sulfides. The elements can be classified into two groups based on their stratigraphic distribution from coal seam 1 to 13-1, and the characteristics of each group are discussed in detail. The elements may be classified into four groups (i.e., Group 1 to 4) according to their correlation coefficients with ash yield. The elements in Group 1, Group 2, and Group 3 are strongly correlated with ash yield, while the elements in Group 4 have weak or negative correlation coefficients.
concentration, distribution and mode of occurrence) of some trace elements within the various host phases of coal is still limited. This is partly due to the insufficient trace element data for many coals, and partly due to the fact that the trace elements in coal occur in various host phases (Liu et al., 2004) . Additionally, previous investigations (Liu et al., 2007a, b, c; Qi et al., 2008; Chen et al., 2011) of coals from southwestern and northeastern China have focused primarily on environmentally sensitive trace elements, such as As, F, Se, and Hg.
Information on the concentration, distribution, and mode of occurrence of trace elements in coals, and the mineral and chemical compositions of the coals can be of significance in assessing the use of coals, characterizing combustion wastes, and minimizing environmental problems. The Huainan Coalfield is one of the most important coalfields in China, and knowledge about the concentration, distribution, and mode of occurrence of trace elements in coals in the Huainan Coalfield is very important for coal beneficiation, utilization, disposal of coal ashes and environmental protection. But few systematic and detailed studies relating to the geochemistry of trace elements in the coals of the Huainan Coalfield have been conducted (Chen et al., 2011) . In this paper, 416 borehole samples of coal, one parting, two floor and two roof mudstones were collected, and the abundances of 47 ele-
INTRODUCTION
China is one of the largest energy producing and consuming countries in the world. Coal, one of the main energy resources in China, accounts for a large fraction of the total primary energy consumption. In recent years, coal has constituted approximately 74% of the total primary energy source in China (Dai et al., 2012) . At least 24 trace elements are considered to be hazardous to the environment (Swaine, 1995) , and many of these potentially toxic elements have been introduced into the surrounding environment by coal combustion. Although many trace elements in coals are present in very small amounts, their environmental impacts and potential human health effects are of great concern because of the enormous amount of coal consumption (Liu et al., 2005; Zheng et al., 2007a, b) . Although some publications have reported the concentration, distribution, and origin of hazardous elements in Chinese coals from different coal mines, coalfields and coal-bearing regions (Zheng et al., 2008a, b, c; Vejahati et al., 2010; Izquierdo et al., 2011; Li et al., 2011) , the knowledge of the geochemistry (e.g., ments in each sample were determined. Additionally, the mineral and chemical compositions of the Huainan coals are investigated in this study. The aim of the study is to provide an increased understanding of the geochemistry of trace elements in coals and the mineral and chemical characteristics of the coals in the Huainan Coalfield, in additional to present information relevant to environmental protection during coal mining and utilization.
MATERIALS AND METHODS

Studying area and sampling methods
The Huainan Coalfield, one of the major coalfields in China, is located in the north-central part of Anhui province (Fig. 1) . The Huainan Coalfield covers an area of more than 2000 km 2 , with an approximate length of 70 km and a width of 30 km, and the coal reserve of the Huainan Coalfield is approximately 440 Mt, most of which is utilized for power generation, industrial boilers, and coke production. Currently, there are nine active mines in the Huainan Coalfield (Fig. 1) . In this study, a total of 416 borehole samples of coal, one parting, two floor and two roof mudstones were collected from the Dingji Coal Mine with an annual coal production of approximately eight million tons per year, which is located in the central part of the Huainan Coalfield (Fig. 1) , covers an area of approximately 100 km 2 , and is one of the largest annual coal production coal mines in the Huainan Coalfield.
The main economically minable coal seams, with a total thickness of approximately 27 m, are intercalated in the Early Permian Shanxi, Lower Shihezi, and Late Permian Upper Shihezi Formations, including coal seam Nos. 13-1 and 11-2 in the Upper Shihezi Formation, Nos. 8, 7, 5, and 4 (split into the sub-seams 4-2 and 4-1) in the Lower Shihezi Formation, and Nos. 3 and 1 in the Shanxi Formation (Fig. 2) .
The Late Carboniferous Taiyuan Formation coalbearing sequence, with a thickness of approximately 96 m, primarily consists of laminated limestone, mudstone, sandstone, and coal seams; seven unworkable coal seams are interbedded in this formation. The Shanxi Formation coal-bearing sequence is mainly composed of fine sandstone, sandy mudstone, and two locally minable coal seams, i.e., Nos. 3 and 1. The average thickness of this formation is 83 m. The Lower Shihezi Formation coalbearing sequence mainly consists of sandy mudstone, aluminous mudstone, fine sandstone, siltstone, and nine Chen et al., 2011) . Note that the Dingji Coal Mine is located in the central part of the Huainan Coalfield.
Fig. 1. The location of the Huainan Coalfield and distribution of coal mines in the Huainan Coalfield (modified by
coal seams (five of these are minable). The average thickness of this formation is 130 m. The Upper Shihezi Formation coal-bearing sequence, with a mean thickness of 527 m, consists of sandy mudstone, fine sandstone, quartz sandstone and coals. Nineteen to twenty coal seams were deposited in this formation, although most of them are not economically or locally minable.
To characterize the geochemistry of trace elements in the coals from the Huainan Coalfield, 416 coal samples were collected from 9 minable coal seams (coal seams 1, 3, 4-1, 4-2, 5, 7, 8, 11-2, 13-1) in 24 boreholes during the exploration stage of the Dingji Coal Mine, Huainan Coalfield (detailed sampling information is given in the supplementary material). Bench samples of uniform thickness (~10 cm) were cut downward along each coal seam. For the sake of investigating the distribution patterns of trace elements in a single coal seam, seven coal samples, one roof sample and one floor sample from coal seam No. 11-2 in borehole DJ 15KZ1, and seven coal samples, one roof sample, one floor sample, and one parting sample from coal seam No. 13-1 in borehole DJ 15KZ1 were systematically collected.
Sample processing and analysis
All bulk coal samples were air-dried and then stored in polyethylene bags to prevent contamination and oxidation. Subsequently, these samples were ground and passed through a 200 mesh sieve for chemical analysis. A Leitz MPV-III photometer system was used for mineral proportions according to the Chinese National Standard GB/T 8899-1998. The morphological characteristics of minerals in some coal samples were investigated by scanning electron microscopy (SEM). The ash yields were determined according to the Chinese National Standard GB/T 212-2001 by ashing in an electric furnace at 815°C. The total sulfur content was determined according to the Chinese National Standard GB/T 214-1996.
For chemical analysis, the powered coal samples were acid digested using mixture of HNO 3 :HCl:HF (3:1:1) in a microwave oven. After cooling, the sample was adjusted to 50 ml with double distilled deionized water. Inductively coupled plasma-optical emission spectrometry (ICP-OES) was carried out for the major elements (K, Ca, Na, Si, Fe, Ti, Mg, Al) and trace elements (Mn, Ni, P, Be, Sc, Zn, and B) in the resulting solutions. Inductively coupled plasma mass spectrometry (ICP-MS) was performed for trace elements (Cr, Cu, Mo, Pb, As, Bi, Ba, Co, Cd, V, Sn, Sr, Th, Y and Sb) and rare earth elements (REE). Atomic absorption spectrometry (AAS) and hydride generation atomic absorption spectrometry (HAAS) were carried out for Li and Se, respectively. Two standard reference materials NIST-1632b (coal) and GBW07406 (GSS-6, soil) were determined in parallel to ensure the precision of the detection. The precisions (relative errors) were within ±5% for most of the elements determined.
RESULTS AND DISCUSSION
Depositional environment
Boron concentration has been widely used to infer the paleosalinity of the depositional environment (Goodarzi and Swaine, 1994, 1997; Goodarzi, 1995) . The variation of boron contents in different coal seams indicates the evolution of their depositional environment, i.e., the degree of marine water influence. It has been suggested that freshwater-influenced coal has the boron content lower than 50 ppm; moderately brackish water-influenced coal has the boron content in the range from 50 to 110 ppm; and brackish water-influenced coal has the boron content higher than 110 ppm (Goodarzi and Swaine, 1994) .
The concentrations of boron in nine coal seams range from 7.18 to 420 ppm, with an average of 121 ppm. The average boron contents show a fluctuating but downward increasing tendency among these nine coal seams, indicating stronger marine water influence on the lower coal seams during formation, especially for the Nos. 1 and 3 seams of the Shanxi Formation (Fig. 3) . The variation of average boron contents in the nine coal seams shown in Fig. 3 illustrates a depositional environment with changing influence from mild-brackish water to brackish water downward along the stratum. The marine influence had a decreasing tendency from coal seam 1 to 13-1, but marine transgression and regression occurred frequently, especially in the Lower Shihezi Formation.
Many coral fossils are present in the black mudstone sandwiched between the Nos. 1 and 3 coals, further verifying the strong marine influence on these two coal seams. Oolitic siderite occurs in the mudstone floor of the No. 5 coals, and it has lower boron contents, indicating that freshwater influenced the depositional environment (Lan, 1984) . These observations support the depositional environment of coals inferred from the boron contents.
Ash yields, sulfur contents and minerals
The mean ash yields for coal seam Nos. 1 (17.2%), 3 (16.9%), 4-1 (20.4%), 4-2 (22.0%), 5 (20.9%), 7 (24.8%), 8 (24.3%), 11-2 (25.2%), and 13-1 (23.8%) in the studied coals are shown in Table 1 . In general, the average ash yield for coals in the Upper Shihezi Formation (24.5%) is higher than that for coals in the Lower Shihezi Formation (22.5%) and Shanxi Formation (17.1%). A coal forming environment of lesser detrital input and stronger marine water influence may be responsible for lower ash yields for coals of the Shanxi Formation, while the intensively fluvial influence of the Shihezi Formation is associated with higher ash yields. Zheng et al. (2008c) sug- gested that there is also an increasing trend of terrigenous clastic input from the Shanxi Formation to the Upper Shihezi Formation in the Huaibei Coalfield which is an adjacent and geologically similar coalfield, and the variation trend of the ash yield, namely, with the increasing trend stratigraphically upward, is similar to that of the Huaibei Coalfield. But the Permian coals in the Huainan Coalfield are higher in ash yield than the coals of the Huaibei Coalfield reported by Zheng et al. (2008c) . Additionally, the Permian coals in the Huainan Coalfield are 
Fig. 4. Petrographic images for some selected minerals within some coal samples. (A) Calcite (SEM, secondary electron images); (B) Agglomerated kaolinite associated with pyrite grains (SEM, secondary electron images); (C) Lamellar kaolinite inlaid apatite (SEM, secondary electron images); (D) Cavity-filling kaolinite (SEM, secondary electron images). (B) and (D) are cited from Chen et al. (2011).
A B Dai et al. ( , 2008 . b Ren et al. (2006) . c . d Finkelman (1993) . Data in parentheses were calculated from USGS CD-ROM (7430 samples). e Swaine (1990) . f Swaine (1995) . g Data for hard coals from Ketris and Yudovich (2009 Liu et al. (2003) . Sulfur is another important coal quality parameter, which can form sulfur dioxide (SO 2 ) and is released into the air during coal combustion (Mukherjee and Borthakur, 2003) . Table 1 shows the total sulfur contents for the Nos. 1, 3, 4-1, 4-2, 5, 7, 8, 11-2, and 13-1 coals in the Huainan Coalfield. The average total sulfur for the studied coals is 0.57%, which is lower than the average for Chinese coals (1.32%) (Yuan, 1999) . The total sulfur content in the Huainan coals is relatively low. The average total sulfur contents are similar for the coals in the Upper Shihezi Formation (0.61%), Lower Shihezi Formation (0.55%), and Shanxi Formation (0.60%).
The minerals for the Huainan coals mainly comprise clays, with lesser amounts of carbonate minerals (e.g., calcite, siderite) and sulfide minerals (e.g., pyrite) ( Table  1) . Petrographic images for some selected minerals within some coal samples are shown in Fig. 4 (SEM, secondary electron images). It should be noted that the unusual lack of quartz is found in the samples, and the bulk chemistry (Si/Al ratio less than 1) also supports these mineralogical observations.
Elemental abundances
The number of coal samples and geometric means of the major and trace element concentrations in nine minable coal seams (Nos. 1, 3, 4-1, 4-2, 5, 7, 8, 11-2, and 13-1) in the Huainan Coalfield are presented in Table 2 . The geometric means were adopted as average concentrations for major and trace elements because of the large ranges of values involved.
The ranges and geometric means of 47 elements in 416 coal samples are listed in Table 3 . Geochemical data for the corresponding elements in average Chinese, North China, U.S., and world coals are also shown in Table 3 for comparison (Swaine, 1990 (Swaine, , 1995 Finkelman, 1993; Ren et al., 2006; Dai et al., , 2008 ; Ketris and Yudovich, 2009) .
Among environmentally sensitive trace elements in coal, six elements (Hg, As, Se, Pb, Cr, and Cd) are considered to be of most environmental concern (Swaine, 2000) . In this study, As and Pb in the Huainan coals, with averages of 2.96 mg/kg and 11.28 mg/kg, respectively, are both slightly lower or almost equal to the those in Chinese coals reported by Dai et al. (2012) . The potentially toxic elements (i.e., Se and Cd) in the Huainan coals are higher than those in the average Chinese coals reported by Dai et al. (2012) . Specially, as compared to the Chinese average Se and Cd concentrations in coal (2.47 and 0.25 mg/kg) (Dai et al., 2012) , Se and Cd enrichment, by 1.6 and 2.2 fold, respectively, has been observed in the Huainan coals. Additionally, in comparison with the average Chinese coals reported by Dai et al. (2012) , Se has much higher averages in coal seam Nos. 1 and 8 (4.73 and 5.17 mg/kg), and Cd has much higher averages in all studied coal seams. As to the potentially toxic element Cr, although the average of Cr (16.93 mg/kg) in the Huainan coals is almost equal to that in Chinese coals (15.4 mg/kg) reported by Dai et al. (2012) , Cr also slightly enriched in some of the coal seams (coal seam Nos. 1 and 11-2) with averages of 24.23 and 29.48, respectively. Some possible causes may be proposed to account for 
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Group2 the results mentioned above. Chen et al. (2011) stated that the Huainan coalfield is situated at the southern rim of the North China Platform, where the stability of the base of the coal-forming basin may be weaker than that in the central part. The magmatic intrusion occurred in the Huainan coalfield and partly affected the concentrations and distribution of some elements in the coals (Sun et al., 2010b) . In fact, also reported the elevated trace elements (B, F, Cl, Br, Hg, As, Co, Cu, Ni, Pb, Sr, Mg, Ca, Mn, and Zn) in the Fengfeng-Handan coals that were affected by igneous intrusions in northern China.
Spatial distribution of elements
Variations of trace element concentrations among different coal seams Hierarchical cluster analysis was used to study the distribution of major and trace elements in the nine minable coal seams of the Huainan Coalfield. Two groups were identified within a rescaled distance of 20 ( Fig. 5 ; Table 4 ).
The trace elements P, Sr, B, Co, Sn, Mn, Bi, Cu, V, Se, Ba, Pb and As are included in Group 1 (Fig. 5) . The elements in Group 1 can be divided into three subgroups: Group 1A, Group 1B, and Group 1C ( Fig. 5; Table 4 ). Trace elements P, Sr, B, Co, Sn, Mn and Bi are contained in Group 1A. Figure 6 shows, in general, that the elements in Group 1A, decrease in concentration from coal seam 1 to 13-1, and these elements increase with decreasing ash yield. They all have a higher concentration in coal (Fig. 6) . Thorium, Cr, Cd, Ni, Mo, Be, Li, Sb, Zn, Sc, Y and REE are included in Group 2 (Fig. 5; Table 4 ). This group is subdivided into Groups 2A and 2B ( Fig. 5; Table 4 ). Thorium, Cr, Cd, Ni, Mo, Be and Li are classified into Group 2A. As shown in Fig. 6 , in contrast to the elements in Group 1A, the elements in Group 2A indistinctly increase from bottom to top. These elements all have higher concentrations in coal seam 11-2. Antimony, Zn, Sc, Y and REE are found in Group 2B. Their concentrations increase from coal seams 1 to 13-1, and this trend is more obvious for Zn, Sc and Y than for Sb and REE. The elements Sc, Y, and REE in Group 2B show variation trends similar to the ash yields, indicating that these elements had common terrestrial inputs (Sun et al., 2010a) . With respect to the different coal seams, elements Sb, Zn, Sc, Y and REE have lower concentrations in the lower parts of the coal bearing sequence in comparison with the upper parts of the coal bearing sequence, which is possibly due to the local geological conditions of the coal mine and the multi-stage geologic activity in this region. In fact, Chen et al. (2011) stated that the concentrations of trace elements vary not only laterally in a certain coal mine, but also vertically in different coal seams in a mine or coalfield, and the characteristics of vertical variations of trace elements among different coal seams might be used for stratigraphic correlation of coal seams. In this study, plots of elemental abundances versus coal seams (Fig. 6 ) show significant variability among the different coal seams. For example, with respect to the adjacent coal seams, the significant differences of concentrations of Cu, V and Se between the Nos. 7 and 8 coals, could serve as useful geochemical indicators for correlating these two coal seams which both belong to Lower Shihezi Formation.
Vertical variation of trace elements in individual coal seams
The distributions of trace elements in individual coal seams were also investigated. In this study, the Nos. 11-2 and 13-1 coals from borehole DJ15KZ1 were selected to analyze the vertical variation of trace elements in individual coal seams. Bench samples were collected from these seams as follows: (i) one floor (labeled as DJ11-0), one roof (labeled as DJ11-8), and seven coal samples (labeled as DJ11-1 to DJ11-7) (9 samples in total) from the No. 11-2 coal and (ii) one floor (labeled as DJ13-0), one roof (labeled as DJ13-9), one parting (labeled as DJ 13-7) and seven coal samples (labeled as DJ13-1 to DJ 13-6, and DJ13-8) from the No. 13-1 coal (total 10 samples).
In this study, the roof, floor, and parting of the coal seam are significant carriers of some trace elements. For example, as just shown in Fig. 7 (Liu et al., 2004; Wang et al., 2005; Tang et al., 2006) . Liu et al. (2004) inferred that the enrichment of trace elements in partings, roofs, and floors may be related to their inorganic affinities; Chen et al. (2011) also stated that partings may concentrate some trace elements, and high values of trace elements may occur in the roof possibly due to their inorganic affinities and terrigenous origin; and Sun et al. (2010b) noted that groundwater cycling can cause redistribution of trace elements, and that a rise or drop of groundwater level and flow of groundwater through the partings may be responsible for the concentration of the elements.
Variation of trace elements in different formations
The average contents of trace elements in coal seams from the three formations (Shanxi Formation, Lower Shihezi Formation, and Upper Shihezi Formation) are presented in Table 5 . Calcium, P, Co, Sr, Mn, V, Cu, and B in the Shanxi Formation are higher than in other two formations, possibly as a result of stronger marine influence in this formation. The coal seams in the Upper Shihezi Formation are enriched in Al, Si, Ti, Zn, Sc, Ni, Mo, Li, Cr and REE, which are possibly correlated with the massive input of terrigenous clastics in this formation. However, Mg, Fe, K, Be and other elements show little variation among these three formations. Kortenski and Sotirov (2002) stated that the correlation of element concentration with ash yield may provide preliminary information for their organic and inorganic affinity. In generally, the elements can be classified into four groups based on the Pearson correlation coefficients with the ash yields of the coals (Table 6 ).
Affinity of the elements
The first group (Group 1) has a high positive correlation coefficient with ash yield (0.7~0.8; Y, Al, Si, Ti, Sc, Th, Pb and REE; Table 6 ) and includes elements with high inorganic affinity. Among these elements, Y, Sc, Pb and REE are highly characterized by aluminosilicate affinity, with correlation coefficients r Al-Si > 0.5 (Table 6) . Aluminum in coal suggests clay mineral abundances such as kaolinite and illite (Sun et al., 2010a) . However, Albearing minerals, such as boehmite and diaspore, have been found in some coals of China (Dai et al., , 2008 .
The second group (Group 2) includes elements with prevailing inorganic affinity. Elements from this association have positive correlation coefficients with ash yield, which vary from 0.5 to 0.69 (Cu, Be, V, Li, Mo, Mg, Ca, Na, Zn, Sn, K, Fe, Mn, and Ni). Beryllium, V, Li, Mo, Sn, and Ni also have clear aluminosilicate affinity (r Al-Si > 0.5; Table 6 ). Manganese and Fe were characterized by carbonate affinity, with correlation coefficients r Ca-Mg > 0.5 (Table 6 ).
The Group 3 elements include P, Bi, Cr, and Cd. The correlation coefficients of the elements with ash yield in the third group (Group 3) vary from 0.35 to 0.49. Bismuth and Cd have also shown aluminosilicate affinity (r AlSi > 0.35; Table 6 ). In addition, phosphorus is characterized by carbonate affinity (r Ca-Mg > 0.5; Table 6 ), and this relationship may be due to the presence of apatite group minerals or other phosphates such as goyazite.
Group 4 include 6 elements (As, Se, Ba, Sb, S, and Co) that have correlation coefficients with ash yield below a statistically significant value (r ash < 0.34). It should be stated that only correlation coefficients > 0.34 are statistically significant at the 95% confidence level. Sulfur and Co have negative correlation with ash yield (-0.2 and -0.62, respectively). These elements have a relatively strong organic affinity, and an appreciable portion of these elements may be associated with the organic matter of the coal (Dai et al., 2008) .
CONCLUSIONS
The concentration of boron in the Huainan coals ranges from 7.18 to 420 ppm with an average of 121 ppm, suggesting that the depositional environments in this study region have a brackish orientation. The average B content in 9 minable coal seams increased from seam 1 to 13-1. The sedimentological and paleontological evidences are consistent with the observations obtained from boron contents.
The minerals for the Huainan coals mainly comprise clay minerals with lesser amounts of carbonates (e.g., calcite, siderite) and sulfides (e.g., pyrite).
Some potentially toxic elements (e.g., Se and Cd) in the Huainan coals are higher than those in the average Chinese coals reported by Dai et al. (2012) , which was possibly affected by igneous intrusions occurred in the Huainan Coalfield. The elements were divided into two groups by using hierarchical cluster analysis, and the vertical variations of the elements in the two groups are significantly different. The roof, floor, and partings of the coal seams are significant carriers of some trace elements.
Four groups (Groups 1 to 4) of elements may be classified according to their correlation coefficients with ash yield. Group 1 (Y, Al, Si, Ti, Sc, Th, Pb, and REE), Group 2 (Cu, Be, V, Li, Mo, Mg, Ca, Na, Zn, Sn, K, Fe, Mn, and Ni), and Group 3 (P, Bi, Cr, and Cd) include elements that are strongly correlated with ash yield, while the elements in Group 4 (As, Se, Ba, Sb, S, and Co) have correlation coefficients with ash yield below a statistically significant value.
